Neutral current quasielastic (anti)neutrino scattering cross sections on a 12 C target are analyzed using a realistic spectral function S(p, E) that gives a scaling function in accordance with the (e, e ′ ) scattering data. The spectral function accounts for the nucleon-nucleon (NN) correlations by using natural orbitals (NOs) from the Jastrow correlation method and has a realistic energy dependence. The standard value of the axial mass MA = 1.032 GeV is used in all calculations. The role of the final-state interaction (FSI) on the spectral and scaling functions, as well as on the cross sections is accounted for. A comparison of the calculations with the empirical data of the MiniBooNE and BNL experiments is performed. Our results are analyzed in comparison with those when NN correlations are not included, and also with results from other theoretical approaches, such as the relativistic Fermi gas (RFG), the relativistic mean field (RMF), the relativistic Green's function (RGF), as well as with the SuperScaling Approach (SuSA) based on the analysis of quasielastic electron scattering.
I. INTRODUCTION
The analyses of y-scaling (see, e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] ) and superscaling (based on the ψ ′ -scaling variable) (see, e.g. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] ) phenomena in inclusive electron scattering on nuclei have induced studies of (anti)neutrino-nucleus scattering on the same basis. This allows one to explore fundamental questions of neutrino reactions and neutrino oscillations in relation to the hypothesis of nonzero neutrino masses [22] . The theoretical concept of superscaling (a very weak dependence of the reduced cross section on the momentum transfer q at excitation energies below the quasielastic (QE) peak for large enough q and no dependence on the mass number) has been introduced [10, 11] within the relativistic Fermi gas (RFG) model. It has been pointed out in [13] , however, that the actual dynamical reason of superscaling is more complex than that provided by the RFG model. This imposes the necessity to consider superscaling in the framework of theoretical methods that go beyond the RFG model. An example is e.g., the Coherent Density Fluctuation Model (CDFM) [23, 24] used in [16] [17] [18] [19] 25] within this context.
In [26] the analyses of superscaling have been extended to include not only QE processes but also those in which ∆-excitation dominates. The QE and ∆-region scaling functions f QE (ψ ′ ) and f ∆ (ψ ′ ) have been deduced in [26] from phenomenological fits to the data for electron-nuclei scattering cross sections by dividing the latter by appropriate elementary N → N and N → ∆ functions, respectively. Therefore they include all the effects of the nuclear dynamics, in particular NN correlations and final-state interactions (FSI), which should be reproduced by reliable nuclear models. For instance, in [27, 28] a QE scaling function with asymmetric shape has been obtained in agreement with the experimental scaling function using the relativistic mean field (RMF) model for the final states.
In order to exploit superscaling for neutrino-nucleus studies, in [26] (see also [27, 29] ) the above procedure has been inverted: the scaling functions have been multiplied by the elementary charged-current (CC) (anti)neutrino cross section to obtain the corresponding CC (anti)neutrino cross sections on nuclei for intermediate to high energies in the same region of excitation. The scaling and superscaling ideas have been carried a step further in [30] to include neutral current (NC) (anti)neutrino scattering cross sections from 12 C, namely the reactions 12 C(ν, pν)X, 12 C(ν, pν)X involving proton knockout and 12 C(ν, nν)X, 12 C(ν, nν)X involving neutron knockout in the QE regime. The CDFM scaling function was applied to analyses of neutral current (anti)neutrino scattering on 12 C with energies of 1 GeV (u-channel inclusive processes) in [25] . A number of other theoretical studies have been devoted to both neutralcurrent (e.g. [31] [32] [33] [34] ) and charged-current (e.g. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] ) neutrino scattering on nuclei.
Our interest in the present work concerns the analysis of different experimental data recently obtained on neutrino-nucleus processes in several facilities. At around 1 GeV, data are available from the MiniBooNE collaboration, both for CC [42] and NC [43] neutrino-12 C processes, and previous experiment [44] . We note also that recent data for antineutrino-nucleus scattering are reported in [45, 46] . As known, the analyses of nuclear effects in neutrino scattering are generally regarded as one of the main sources of systematic uncertainties in oscillation experiments, in particular, when it concerns the understanding of charged-current quasielastic (CCQE) interaction with nucleons bound in the nucleus (e.g. [47] ) in the energy range of around 1 GeV. For energies of a few GeV, the ∆-resonance excitation becomes equally important [48] (but keeping in mind that here the nuclear uncertainties are even larger).
Though the main subject of our work is the neutral current QE neutrino scattering by nuclei, in what follows we would like to note various theoretical models that have been used also for the description of CC processes in connection to their applications to analyses of the NC processes.
The analyses of the CCQE MiniBooNE data have raised questions on the capabilities of the various models to account for the different contributions to the neutrinonucleus scattering cross sections. The RFG model, in which the shell structure and the nucleon correlations are neglected, gives results for the CCQE neutrino scattering that underestimate the data. The accordance with the data is achieved by increasing the world-average axial mass M A (M A = 1.032 GeV) to M A = 1. 35 GeV. An enhancement of the world-average axial mass is required also in other models based on the impulse approximation (IA) (e.g. [47, [49] [50] [51] [52] [53] [54] [55] [56] ). This is an indication that models based on the IA may lack important contributions to the processes of neutrino-nucleus scattering. In approaches beyond the IA, ingredients such as two-particle two-hole (2p − 2h) contributions have been included. In the works [57, 58] an approach based on the random-phase approximation, improved by considering relativistic corrections [52] led to a good agreement with the MiniBooNE data for both CCQE and neutral current quasielastic (NCQE) scattering, including the double differential CCQE cross section. It was pointed out in [53] that the multinucleon contribution may effectively be accounted for by increasing the value of the axial mass. As shown in [54, [59] [60] [61] , the RMF approach gives a good description of the shape of the double differential cross section from the MiniBooNE experiment but fails to reproduce its normalization. It has been noted in [54] that meson exchange currents (MEC) could reduce the discrepancy. The calculations within the relativistic Green's function (RGF) model [49, 62, 63] have provided a good description of the total CCQE and of the (double) differential (CCQE) NCQE MiniBooNE cross sections [49, 55, 61, 62, 64] . The larger RGF cross sections can be attributed to the overall effect of inelastic channels, such as, for instance, rescattering of the knockedout nucleon, multinucleon processes, non-nucleonic ∆-excitation, that are recovered in the model by the use of a complex relativistic optical potential to describe FSI and that are not included in other models based on the IA.
The SuperScaling Approach (SuSA) previoulsy discussed has been used for analyses of neutrino-nucleus processes in [26, 30, 54, 59, 65, 66] . The results of SuSA underestimate by 20-30% the MiniBoonE data. An updated version of the model (SuSAv2), which incorporates different RMF effects in the longitudinal and transverse channels as well as isospin dependence, yields a milder disagreement (10-15%) [66] . The account for MEC increases significantly the results for the cross sections reducing the discrepancy with the data in the case of antineutrino but not so much in the neutrino case.
Multinucleon effects on CC neutrino-nucleus scattering have also been investigated by the use of the Giessen Boltzmann-Uehling-Uhlenback event generator in Ref. [67] , where the energy spectra of the knockout nucleons are given in detail.
In parallel, it is also interesting to compare with the older NCQE data from the Brookhaven BNL E734 experiment [44] , corresponding to neutrino kinematics similar to MiniBooNE. We should emphasize that the NC cross sections depend also on the strangeness content of the nucleon, particularly, through the axial form factor. Hence a good control of nuclear effects is also required if one wants to extract information on the strange form factors of the nucleon from NC data.
In [47] the differential and total cross sections for energies ranging from a few hundreds of MeV to 100 GeV have been obtained and compared with the data from the BNL E734, MiniBooNE, and NOMAD (see Ref. [68] ). It has been concluded in [47] that the nuclear effects in NCQE and CCQE scattering seem to be very similar, though, according to the authors, the combined analyses of the CCQE and NCQE data does not seem to support the contribution of multinucleon final states being large enough to explain the normalization of the MiniBooNE cross sections. It should be mentioned that in [47] an effective value of M A = 1.23 GeV has been used.
The sensitivity to FSI of NCQE (anti)neutrino scattering cross sections has been investigated in [62] , where the RGF cross sections calculated with different parametrizations for the phenomenological relativistic optical potential are compared with the MiniBooNE data. The RGF results obtained with the standard value of the axial mass describe well the NCQE (anti)neutrino scattering data. It was pointed out, however, that the application of the RGF model to the semi-inclusive NCQE scattering can also include contributions of channels which are present in the inclusive but not in the semi-inclusive reaction.
More theoretical approaches were presented in Ref. [50] , where an axial mass M A = 1.28 ± 0.05 GeV and a strangeness ∆s = 0.11 ± 0.36 was extracted, and in Ref. [69] within the transverse enhancement (TE) model [70, 71] , where a good agreement between the theoretical results and the NCQE data was obtained, that the authors interpret as a very sizable contribution of 2p − 2h and 3p − 3h processes. Finally, in Ref. [72] an approach based on a realistic spectral function was applied to calculate the neutron-knockout (through neutral current scattering) cross sections in the kinematical regime of atmospheric-neutrino interactions in a broad energy range extending to 10 GeV.
The main aim of this paper is to analyze neutral current QE (anti)neutrino scattering cross sections on a 12 C target using a realistic spectral function S(p, E) that gives a scaling function in accordance with the (e, e ′ ) scattering data. In our previous work [73] this approach was applied to calculate CCQE (anti)neutrino scattering on 12 C. The spectral function accounts for the NN correlations by using natural orbitals (NOs) from the Jastrow correlation method and has a realistic energy dependence. In the calculations the standard value of the axial mass M A = 1.032 GeV is used. As in [73] , in the present work the role of FSI on the scaling functions and on the cross sections is taken into account. A comparison of the calculations with the empirical data of the MiniBooNE and BNL experiments is performed.
The theoretical scheme of the work is given in Sec. II, where the method to obtain a realistic spectral function as well as the main relationships concerning the NCQE (anti)neutrino-nucleus reaction cross sections are presented. The results of the calculations and the discussion are given in Sec. III, while the summary of the work and the conclusions are included in Sec. IV.
II. THEORETICAL SCHEME
The general formalism for NC (anti)neutrino scattering in the QE regime has been introduced in many previous works [30, 33, [74] [75] [76] [77] . Here we summarize briefly those aspects which are of more relevance for the later discussion of the results and of their comparison with MiniBooNE and BNL data. We consider the semi-leptonic quasi-free scattering from nuclei in Born approximation, assuming that the inclusive cross sections are well represented by the sum of the integrated semi-inclusive proton and neutron emission cross sections [30] . The kinematics for semi-leptonic nucleon knockout reactions in the oneboson-exchange approximation is presented in Fig. 1 .
A lepton with 4-momentum K µ = (ǫ, k) scatters to another lepton with 4-momentum
, where the masses of the initial and final lepton m and m ′ are assumed to be equal to zero for NC neutrino scattering. In the laboratory system the initial nucleus being in its ground state has a 4-momentum P 
B being the ground-state mass of the daughter nucleus. Although in real situations, as is the case for MiniBooNE and BNL, there are usually no monochromatic beams and an integral over the allowed energies folded with the neutrino flux must be performed, we assume the energy of the incident neutrino to be specified and also the outgoing nucleon energy E N to be known. Finally, the angle θ kpN between the incident neutrino and the ejected nucleon momentum is also given.
Starting from the Feynman amplitude associated with the exclusive diagram of Fig. 1 , one can get inclusive cross sections by integrating over the undetected outgoing particles.
In the case of QE electron-or CCQE neutrinoscattering, the outgoing lepton is detected and a sum over the outgoing nucleon variables is performed. Using the language introduced in this context in Ref. [74] , we refer to these processes as "t-channel" reactions, since the Mandelstam variable t = (K µ − K ′µ ) 2 is fixed. Then the (e, e ′ ) and CC (ν l , l ′ ) reactions are governed by the same kinematics and the scaling formalism developed for the former can be trivially extended to the latter.
In the case of NC neutrino scattering only the outgoing nucleon can be experimentally detected, while the unobserved outgoing neutrino is integrated over. This is referred to as a "u-channel" process, where the Mandelstam variable u = (K µ − P µ ) 2 is fixed. Then the kinematics is not the same as in the (e, e ′ ) case and, in particular, the two inclusive cross sections involve an integration over a slightly different region in the missing energy and momentum plane. As a consequence it is not evident that the scaling arguments can be applied to NC scattering. However, in [30] the influence of a non-constant Q µ in the derivation of scaling in the NC case was thoroughly investigated within the general framework of the RFG model concluding that the scaling ideas still work properly for NC neutrino-nucleus processes. That study was extended in [77, 78] making use of the RMF approach. These results showed that scaling of the second kind, i.e., independence of the nuclear target, works extremely well. On the contrary, scaling of first kind (independence on the transfer momentum) depends on the specific kinematical situation considered. In general, first-kind scaling seems to be well respected when the angle of the ejected nucleon is larger than roughly 50
• . This is the region where the cross section integrated over angles reaches larger values. Therefore, first-kind scaling is expected to work properly at MiniBooNE and BNL. Indeed, for the RMF and the particular kinematics involved in the experiments analyzed in this work (MiniBooNE and BNL), we have verified that the calculation of the NC cross sections based on u-scaling (as indicated in Eqs. (10) and (11) plus (8) in the text below) gives rise to results very similar (within few percents) to those provided by the full calculation, i.e., without resorting to the scaling assumption. This is strictly true for Q 2 0.7 GeV 2 . For larger values of Q 2 , the u-scaling approximation begins to deviate from the full result, but by an amount significantly smaller than the uncertainty linked to the data error bands.
The usual procedure for calculating the (l, l ′ N ) cross section includes the Plane Wave Impulse Approximation (PWIA) and integrations over all unconstrained kinematic variables. It is shown in [30] that the inclusive cross section in the u-channel can be written after some approximations in the following form:
where
provided the effective NC single nucleon (s.n.) cross sec-
is almost independent of (p, E) for constant (k, p N , θ kpN ). In Eq. (3) l µν and w µν are the leptonic and s.n. hadronic tensor, respectively, and D V (Q 2 ) is the vector boson propagator [30] . In Eq. (1)
is the four-momentum transferred from the initial lepton to the ejected nucleon and y ′ is the scaling variable naturally arising in the u-scattering kinematics, analogous to the usual y-scaling variable for t-scattering. The scaling function F (y ′ ) obtained within a given approach can be used to predict realistic NC cross sections. Assuming that the domains of integration D u (in the u-channel) and D t (in the t-channel) are the same or very similar, the results for the scaling function obtained in the case of inclusive electron scattering (where D t works) can be used in the case of NC neutrino reactions. It is pointed out in [30] that D t and D u differ significantly only at large E (also at large p, but there the semi-inclusive cross sections are expected to be negligible). So, given that the semi-inclusive cross sections are dominated by their behavior at low E and low p, one expects the results of the integrations in the t-and u-channel to be very similar, and thus the scaling functions will be essentially the same in both cases.
As noted in [30] , if the s.n. cross section is smoothly varying within the (p, E) integration region, the differential cross section in the RFG can be factorized as shown in Eq. (1) with the RFG scaling function:
where the RFG u-channel ψ-variable is defined:
and
is the RFG y-scaling variable for the u-channel and corresponds to the minimum momentum required for a nucleon to participate in the NC neutrino-nucleus scattering. The dimensionless kinematic quantities in Eq. (6) are given by:
The basic relationships used to calculate the s.n. cross sections are given in [30] . This concerns the leptonic and hadronic tensors and the response and structure functions. Here we summarize the basic expressions for the neutral weak nucleon form factors and the specific set of parameters considered in the calculations:
• Weak mixing angle: sin 2 θ W = 0.23122(15), [79] ;
• Isovector axial form factor of the nucleon at zero momentum transfer: g A = 1.2695, [79] ;
• The weak form factors are given in the form [Eqs. (55) and (56), Ref. [80] ]:
A , with (no radiative corrections included)
• The isoscalar and isovector form factors are (for more details, see [80] ):
• Electric and magnetic strange form factors (dipole Q 2 -dependence has been used):
• The electromagnetic (EM) form factors correspond to the so-called GKex (Gari-Krümpelmann extended, developed by E. L. Lomon) model [81] [82] [83] .
• Unless otherwise specified, the following set of strange parameters has been considered (see Ref. [80] for more details):
• Finally, the axial mass is taken to be the worldaverage value M A = 1.032 GeV.
In this work we use in the calculations the RFG, SuSA, harmonic oscillator (HO+FSI) and natural orbitals (NO+FSI) scaling functions including final state interactions (see [73] and the text below). We present also results obtained in the RMF and RGF models, where the cross sections are calculated in a fully unfactorized approach which does not make use of the approximations leading to Eq. (1). All our results are used to analyze NCQE (anti)neutrino cross sections on a CH 2 target
FIG. 2. (Color online) The
12 C realistic spectral function S(p, E ), which is constructed using natural orbits singleparticle momentum distributions from the Jastrow correlation method and Lorentzian function for the energy dependence (see text).
measured by the MiniBooNE collaboration [43, 46] . We shall also compare with the BNL E734 experiment [44] , studying νp and νp NCQE interactions, where the target was composed in 79% of protons bound in carbon and aluminum and in 21% of free protons.
In details, here we present briefly how the HO+FSI and NO+FSI scaling functions are obtained (see also Ref. [73] ):
(i) The spectral function S(p, E) is constructed in the form
(ii) The single-particle momentum distributions n i (p) are taken to be either corresponding to the HO single-particle wave functions or to the NO's from the Jastrow correlation method, where central short-range NN correlations are included;
is used for the energy dependence of the spectral function with parameters Γ 1p = 6 MeV, Γ 1s = 20 MeV, which are fixed to the experimental widths of the 1p and 1s states in 12 C.
The realistic spectral function S(p, E) is presented in Fig. 2 , where the two shells 1p and 1s are clearly visible.
(iv) For a given momentum transfer q and energy of the initial electron ε we calculate the electron-nucleus ( 12 C) cross section using
in which the spectral function S(p, E) [Eq. (8)] is used, the index t denotes the nucleon isospin, L em µν and H µν em, t are the leptonic and hadronic tensor, respectively (for details, see Ref. [73] ); (v) The corresponding scaling function F (q, ω) is calculated within the PWIA by
and by multiplying it by k F the scaling function f (ψ) is obtained, where k F is the Fermi momentum for a specific nucleus and σ eN is the azimuthal angle-averaged single-nucleon cross section; (vi) To account for FSI, the δ-function in Eq. (10) is replaced by
where the real (V ) and imaginary (W ) parts of the OP are obtained in Ref. [84] from the Dirac OP.
III. RESULTS AND DISCUSSION
In this section the theoretical predictions of the RFG, HO+FSI, NO+FSI, SUSA scaling functions are compared with the data measured by the MiniBooNE and BNL Collaborations. The comparison is performed also with the results of the RMF and RGF models, which are based on the same relativistic mean-field model for nuclear structure but on a different treatment of FSI. In the RMF model FSI are described by the same relativistic mean field potential describing the initial nucleon state; the description of FSI in the RGF is based on the use of a complex optical potential. Details of the RGF model can be found, for instance, in [85, 86] . The results of the RMF and RGF models have been already and widely compared in [63] for the inclusive QE electron scattering, in [55, 87] for CCQE and in [61] for NCQE neutrino scattering. The RGF calculations presented in this work have been carried out with the recent democratic optical potential of [88] (RGF-DEM).
The comparison between theory and experiment for the NCQE flux-averaged MiniBooNE (anti)neutrino cross section is presented in Fig. 3 . Here we compare the predictions using the RFG, HO+FSI, NO+FSI, SUSA scaling functions, and RMF model with the data. As usual in NC reactions, in this work, the variable Q 2 is defined as Q 2 = 2M N T N , where M N and T N are the mass and kinetic energy of the outgoing nucleon, respectively. In order to compare with MiniBooNE we evaluate the following differential cross section per nucleon:
, and C ν(ν)n,C (Q 2 ) are the efficiency correction functions, given in Refs. [43, 46] , of three different processes: the (anti)neutrino scattering off free protons in the hydrogen atom, the bound protons in the carbon atom and the bound neutrons in the carbon atom. dσ ν(ν)p→ν(ν)p,H /dQ 2 , dσ ν(ν)p→ν(ν)p,C /dQ 2 , and dσ ν(ν)n→ν(ν)n,C /dQ 2 are the theoretical ν(ν)NCQE cross sections on free protons (per free proton), on bound protons (per bound proton), and on bound neutrons (per bound neutron). As can be seen from Fig. 3 the theoretical results corresponding to all models except the RGF-DEM underestimate the neutrino data in the region between 0.1 < Q 2 < 0.7 GeV 2 , while all theories are within the error bars for higher Q 2 . On the other hand the same models underestimate the antineutrino data at high Q 2 . This is clearly seen in the insets of Fig. 3 , where the cross sections are represented in logarithmic scale. The RGF-DEM results are larger than the results of the other models and in generally good agreement with the data over the entire Q 2 region considered in the figure. The enhancement of the RGF cross sections is due to the contribution of final-state channels that are recovered by the imaginary part of the optical potential and that are not included in the other models.
In order to better understand the behaviour of our results with Q 2 , we present in Fig. 4 the differential cross sections dσ/dQ 2 for νNCQE scattering (per bound nucleon in the 12 C nucleus) calculated within the RMF model and multiplied by the MiniBooNE flux, at several fixed values of Q 2 . Φ tot is the total integrated ν µ flux factor for the MiniBooNE experiment:
As can be seen from Fig. 4 for small values of Q 2 the contribution to the cross sections is accumulated from a large neutrino energy range (for example, at Q 2 = 0.19 GeV 2 the contributions to the cross section come from neutrino energies from 0.2 to 2.5 GeV), whereas for higher Q 2 values, the energy range which gives contribution to the cross section becomes smaller (for example, at Q 2 = 1.69 GeV 2 contributions to the cross section come from neutrino energies from 1.1 to 2.5 GeV). This suggests that the discrepancy between the RMF result and the experimental data at low Q 2 can be ascribed to the failure of the impulse approximation for low (anti)neutrino energies. For the other models (leaving apart the RGF) the situation is different for ν andν scattering. To better illustrate this difference we show in Fig. 5 our predictions for the ratio of the antineutrino to neutrino NCQE scattering cross sections. The results are compared with the recently published MiniBooNE data [46] . Since both measurements were made in the same beamline and with the same detector, it is expected that the bin-to-bin ratio of the two cross section measurements would cancel the common systematic errors. As can be seen from Fig. 5 the results of all models are in agreement with the data up to Q 2 < 0.8 GeV 2 (actually the RMF and RGF results are in good agreement up to Q 2 ∼ 1 GeV 2 ), whereas for bigger Q 2 all models underpredict the data. This is so because the theoretical antineutrino NCQE cross section underpredicts the data at high Q 2 (see Fig. 3 ). It has to be noted that the results using different scaling functions almost coincide, since the cross sections are proportional to s.n. cross sections multiplied by the scaling function [see Eq. (1)] and the ratio is proportional to the ratio of the s.n. antineutrino to s.n. neutrino cross sections. The updated version of the SuSA model, "SuSAv2", gives an interesting possibility in the studies of the NC cross sections and particularly of the mentioned ratio. This is related to the use of different parametrizations of the transverse and longitudinal scaling functions in SuSAv2. Work along this line is in progress.
For completeness we also present in Fig. 6 the spectra corresponding to the numerator and denominator entering the ratio between ν-scattering from proton and nucleon (proton plus neutron) (left panels) and the ratio computed by dividing of the two samples (right panels) within the various models and compared with the MiniBooNE data [43] . The numerator and denominator data (left panels of are reported without the corresponding errors (so, in the figure only statistical errors are included). In the calculations the axial mass and strangeness have been assumed to be the standard axial mass and zero strangeness. We note that the dispersion between the models tends to cancel when this ratio is considered. This result clearly shows that the proton/nucleon ratio is very insensitive to nuclear model effects and to final state interactions, and hence, it may provide information that improves our present knowledge on the electroweak nucleon structure, in particular, the nucleon's strangeness. In particular, for kinetic energies of the outgoing nucleon T N > 350 MeV our models give results which are in good agreement with the experimental data (left panels of Fig. 6 ), while for the ratio our theoretical results are within the error bars at all kinematics (right panel of Fig. 6 ).
We now compare the results obtained with our models with the BNL E734 experimental data. The mean value of neutrino (antineutrino) energy is 1.3 GeV (1.2 GeV) for BNL experiment, while for MiniBooNE experiment it is 788 MeV (665 MeV). In Fig. 7 the differential cross sections evaluated using the RFG, HO+FSI, NO+FSI, SUSA scaling functions, and RMF model are compared with NCQE νp → νp [panel (a)] and νp → νp [panel (b)] BNL E734 experimental data. The BNL E734 experiment was performed using a 170-metricton high-resolution target-detector in a horn-focused (anti)neutrino at the Brookhaven National Laboratory. The cross sections results show a behaviour similar to those of the MiniBooNE experiment. The latter (using the Cherenkov detector filled with mineral oil (CH 2 )) is sensitive to both ν(ν)p and ν(ν)n NCQE scattering [43, 46] . It has been known for some time (see, e.g., [74] [75] [76] ) that the ∆s-dependence of the NCQE neutrino-nucleon cross section is very mild. This results from a cancellation between the effect of ∆s on the proton and neutron contributions, which are affected differently by the axial strangeness: by changing ∆s from zero to a negative value the proton cross section gets enhanced while the neutron one is reduced, so that the net effect on the total cross section is very small. NCQE ν(ν)p differential cross sections were measured in the BNL E734 experiment, which are sensitive to the values of ∆s (there is not a cancellation effect). The BNL E734 experimental data can be reproduced within our models in principle by the fit of the axial strangeness without change of the axial mass value.
Here we would like to mention that, first, our calculations using NO and HO single-particle wave functions in n i (p) in the spectral function Eq. (8) with FSI and without FSI show that the inclusion of FSI effects leads to a small change (a depletion) of the cross sections. Second, the results for the cross sections obtained using realistic spectral function S(p, E) with single-particle momentum distributions n i (p) (see Eq. (8)) that include Jastrow short-range NN correlations (accounted for in the NO's) can be compared in Figs. 3, 5, 6, and 7 with those when NN correlation are not included (RFG and HO). It can be seen that, similarly to the case of CCQE neutrino scattering (see Ref. [73] ), the differences between results in correlated and non-correlated approaches are small, thus showing that the process is not too sensitive to the specific treatment of the bound state.
IV. CONCLUSIONS
This work complements previous studies focused on charged-current quasielastic (CCQE) neutrino-nucleus scattering processes that were performed making use of a realistic spectral function. Here we extend this analysis to the case of neutral-current (NC) neutrino processes, and compare our theoretical predictions with data measured by MiniBooNe and BNL Collaborations. Contrary to CCQE reactions, where the final lepton is detected, in the NC case one has no information on the energy and momentum of the ejected neutrino. Hence the transferred four-momentum cannot be determined. This, as already discussed in some previous works, makes the description of the reaction mechanism not so clear and some caution should be also drawn on the "validity" of scaling arguments when applied to NC. However, our previous studies give us confidence in the reliability of our calculations and their application to describe the present experimental data measured at different facilities.
The main objective of this work is centered in the use of a realistic spectral function, that accounts for shortrange NN correlations, and has also a realistic energy dependence. This function gives a scaling function in accordance with electron scattering data and it can be used for a wide range of neutrino energies. Therefore, the use of this spectral function to describe the general reaction mechanism involved in NC neutrino-nucleus scattering processes can provide very valuable information that can be confronted with results obtained with other theoretical approaches. In this sense, we compare our spectral function-based predictions with the results provided by the SuSA, RMF and RGF models largely used by us in the past. The discrepancies found can help disentangling effects directly linked to particular ingredients in the process: final state interactions, nucleon correlations, effects beyond the impulse approximation, etc.
The predictions of our model agree in general with previous results although with some peculiarities that should be emphasized. Our calculations showed that the inclusion of FSI effects in the spectral function-based calculations leads to a slight depletion of the cross section being in close agreement with the RFG prediction. The inclusion of FSI effects in the RGF model leads to larger cross sections, in good agreement with the data. On the contrary, SuSA and, in particular, RMF approaches lead to significantly smaller differential cross sections at low values of |Q 2 | (≤ 0.6-0.8 GeV 2 ) departing also from the data. This behavior can be seen for the two experiments considered in the work: MiniBooNe and BNL. Another point of relevance when comparing the different models is the softer Q 2 dependence (with a smaller slope) shown by the RMF cross section. Whereas it is clearly below the other curves at low Q 2 (up to ≈ 0.5-0.6 GeV 2 ), it crosses them providing the largest contribution at higher Q 2 . This result can be taken as an indication of the particular sensitivity of NC processes to the specific description of FSI effects. It may be also connected with the increasing tail in the scaling function provided by the RMF model at larger Q 2 -values. This is a consequence of the enhancement of the lower components in the relativistic nucleon wave functions, particularly, for the final state.
All our calculations are based on the impulse approximation, i.e., they do not include effects beyond the onebody approach, for example 2p − 2h contributions induced by meson exchange currents. These ingredients have been shown to be very important in the analysis of neutrino-nucleus scattering processes. In particular, they produce a significant enhancement in the cross section at low-to-moderate values of the transferred four momentum. This is consistent with our predictions that clearly underestimate data for such kinematical regions. On the contrary, the accordance improves at higher Q 2 . This is strictly true for neutrinos at MiniBooNE. In the case of antineutrinos, MiniBooNE data at Q 2 ≥ 1-1.2 GeV 2 are higher than theoretical predictions, the RMF results being closer to the experiment. This behavior leads also to the significant discrepancy observed for the antineutrino/neutrino ratio (Fig. 5) . More studies are needed in order to understand these differences at medium-large Q 2 -values. This could be related to a different role played by 2p − 2h contributions and MEC for neutrinos and antineutrinos. Work is in progress to evaluate the impact of 2p − 2h excitations on these results.
